The mitochondrial genomes of seven species of scallops were examined for the presence of repeated sequences and within-species size variation. The mtDNA of one species, Argopecten irradians, shows a typical 16.2-kb invariant size and ap parently lacks repeated sequences. The mtDNA of another species, Placopecten mageilanicus, is known to be very large (>3 1 kb), to contain a tandemly repeated sequence, and to vary widely in size among individuals. The mtDNAs of five other species (Pecten maximus, Crassadoma gigantea, Aequipecten opercularis, Chlamys hastata, and Chlamys isfandica) represent intermediate cases: all are larger than typical animal mtDNA (>20 kb), contain repeated sequences, and exhibit abundant intraspecific size polymorphism. When the cloned repeated sequence of P. magellanicus was used as a probe, no sequence similarity was seen with fragments containing the repeated sequence of other species. The same results were obtained when those other fragments were used as probes, suggesting that the repeated sequences of the various scallop species do not share extensive sequence similarity. Our findings support the increasingly accepted view that the normally observed conservatism of animal mtDNA size and organization is not universal. Invertebrates and poikilotherm vertebrates may contain large-scale intraspecific size variation whose origin and fate is, most likely, determined by nonselective forces of repeatedsequence-mediated mutational or recombination mechanisms and by subsequent random drift in the resulting germ-cell lineages. Such size polymorphism can be so extensive that each individual may have a unique RFLP profile (mtDNA fingerprint), but the suspected high turnover rate of the number of repeated sequences may restrict the application of this polymorphism to population genetic studies.
Introduction
It is generally accepted that animal mtDNA evolved from a larger, more complex symbiotic genome by the progressive transfer of its genetic content and functions to the nucleus (Gray 1989) . Most of the animal species studied so far contain mitochondrial genomes of similar size, ranging from 15 kb to -20 kb .
Initial population studies also revealed both little intra-or interspecific variation in size of the mitochondrial genome and low levels of heteroplasmy. Most of the mutational changes were attributed to base substitutions either at silent sites or in the noncoding portions of the genome. Insertions and/or deletions were rarely observed, and the relative gene order was found to be highly conserved (Brown 1985) . These observations led to the perception that the animal mitochondrial genome is an extremely economical unit (Attardi 1985) . Recent studies of invertebrate and poikilotherm vertebrate mtDNAs have, however, changed this perception. Mitochondrial genomes >20 kb have been found in several phylogenetically distant groups: nematodes (Powers et al. 1986 ), scallops (Snyder et al. 1987; La Roche et al. 1990 ), pine weevils (Boyce et al. 1989) , frogs (Kessler and Avise 1985) , newts (Wallis 1987) , lizards Brown 1986, 1987) , and fish (Gach and Reimchen 1989) . The length of animal mtDNA is now known to vary in size by a factor of three, from 14.2 kb to 43 kb (Wolstenholme et al. 1987; La Roche et al. 1990 ; for review and references, see Rand and Harrison 1989) , but there appears to be no correlation between mtDNA size and taxonomic relationship.
Certain types of mtDNA size variation have been shown to result from large amplifications or deletions, which in many occasions include functional portions of the molecule Wallace 1989) . Another, apparently more common type of large intraspecific mtDNA length polymorphism is caused by varying copy number of tandemly repeated sequences. These types of polymorphisms have been documented in cricket (Rand and Harrison 1986, 1989) , fruit tly (Solignac et al. 1986 ), scallop (Snyder et al. 1987; La Roche et al. 1990 ), newt (Wallis 1987) , lizard (Densmore et al. 1985) , mouse (Karawya and Martin 1987) , fish (Bentzen et al. 1988; Mulligan and Chapman 1989; Wirgin et al. 1989; Buroker et al. 1990 ) nematode Hyman et al. 1988) , and avian mitochondrial genomes (Avise and Zink 1988) . The length of the individual repeat varies from ~100 bp (e.g., see Densmore et al. 1985; Buroker et al. 1990 ) to >3 kb ), but differences in copy number within the molecule generate multiple size classes that, in some cases, may differ by as much as 10 kb (La Roche et al. 1990 ). It has been suggested that relatively high mutation rates for production of different-length-variant mtDNA molecules result in increased intraindividual heterogeneity (heteroplasmy), which has now been observed in a variety of organisms (see references in deStordeur et al. 1989; Buroker et al. 1990 ). In the majority of studies the source of the length polymorphism was shown (or inferred) to lie within or close to the control region sequences, whereas in both a nematode species and two species of scallops (La Roche et al. 1990 ; present study) the length polymorphism was shown to occur in several dispersed portions 'of the genome.
In the present paper we present results of a survey for both mtDNA size and size variation among six species of scallops (Bivalvia, Pectinidae): the bay scallop, Argopecten irrudiuns (Lamarck); the giant scallop, Pecten muximus (Linne); the rock scallop, Crussadomu gigunteu (Gray) ; the Iceland scallop, Chlumys islundicu (Mtiller); the spiny scallop, Chlumys hustutu (Sowerby); and the Queen scallop, Aequipecten (formerly Chlumys) operculuris (Linne). This survey was prompted by the discovery of one of the largest reported animal mitochondrial genomes, that of the deep-sea scallop Plucopecten mugellunicus, which also shows extensive length polymorphism due to varying numbers of a tandemly repeated sequence (Snyder et al. 1987; La Roche et al. 1990 ). In the present paper, we address the following questions: (1) What is the range of mtDNA sizes in related species of scallops? (2) Do mtDNA repeated sequences occur in these species, and, if so, do they show sequence similarity? (3) What levels of intraspecific variation do these sequences produce?
Material and Methods Samples
Seventy-nine specimens of Chlamys islandica were collected from the St. Pierre Bank (off the coast of Newfoundland) in 1988. Forty live specimens of the same species (24 in 1987 and 16 in 1988) were collected from the Owen Basin in Passamaquoddy Bay (New Brunswick). Twenty-six specimens of Pecten maximus and 3 1 specimens of Aequipecten opercularis were obtained from the University Marine Biological Station, Millport (Isle of Cumbrae, Scotland) in 1988. For those two species, adductor muscles were isolated from live animals at the collection site, individually packed into plastic bags, frozen at -20°C and shipped on dry ice to Halifax, where they were stored at -70°C. Twelve specimens of Crassadoma gigantea and 21 specimens of Chlamys hastata were obtained live from the Pacific Biological Station, Nanaimo (British Columbia) in 1987. A number of animals were immediately processed, whereas adductor muscles from the remaining individuals were frozen at -20°C and subsequently were stored at -70°C for later processing. Twenty-four specimens of Argopecten irradians were obtained from the Marine Biological Laboratory, Woods Hole, Mass. Animals were shipped live and were processed within a short period of time.
mtDNA Isolation and Electrophoresis mtDNA was isolated from individual adductor muscles, essentially according to a method described by Snyder et al. (1987) . Comparison of mtDNA yields from fresh tissues and from tissues frozen at -20°C and stored at -70°C showed that frozen tissues produced -70% of the yield of the fresh sample. Usually, 2-3 h incubation at 37°C was sufficient to obtain complete digestion of lo-80 ng mtDNA from most scallop species. Because the purpose of the present study was to search for large mtDNA repeated sequences and size polymorphism, we have deliberately used enzymes that cut at several sites in the molecule but produce little restriction-site polymorphism. In the presence of a tandemly repeated sequence, these enzymes produce profiles differing only in a position of a fragment that contains the repeated sequence (the size-variable band). A second class of enzymes used includes those for which a restriction site exists within the repeated sequence. DNA digestion with such an enzyme produces a band whose position on the gel corresponds to the size of the repeated sequence and whose intensity varies in relation to the copy number of the sequence.
After digestion, the samples were treated with RNaseA at a final concentration of 6 pg/ml for 15 min at room temperature. Restriction fragments were separated by horizontal agarose-gel electrophoresis and were visualized under ultraviolet light, after being stained with ethidium bromide.
DNA Hybridization
Electrophoretically separated mtDNA fragments from various scallop species were transferred to either Biotrans nylon membranes (ICN Biomedicals, Cleveland) or nitrocellulose membranes (Schleicher and Schuell), according to manufacturer's recommendations. The membranes were hybridized either against a cloned 1.45-kb PstI fragment from Placopecten magellanicus mtDNA which contains a confirmed repeated sequence (La Roche et al. 1990) or against mtDNA fragments of the other scallop species which contain putative repeated sequences. The latter mtDNA fragments were 1.2-kb BamHI from Chlamys islandica, 1.55-kb AvaI from P. maximus, and l.O-kb H'aI from C. gigantea. These fragments were extracted from 2% low-melting-temperature agarose gels (Bio-Rad Laboratories) by using the method described by Ogden and Adams ( 1987) . 32P-labeled probes were obtained by random primer DNA labeling of -100 ng DNA directly in the low-melting-temperature agarose according to a method described by Feinberg and Vogelstein (1983) , except that the labeling was carried out at 37'C for 2 h. The labeled probes were then used, without further purification, for hybridization against Southern blots containing appropriate mtDNA digests of all species. Hybridization and washings were carried out under medium stringency: membranes were prehybridized for 6 h at 42°C in 5 X standard saline citrate (SSC; 5 X SSC = 0.75 M NaCl, 0.075 M sodium citrate), 20% formamide, 50 mM NaP04 pH 6.5, 0.2% sodium dodecyl sulfate (SDS), 5 X Denhardt's solution (5 X Denhardt's = 0.1% bovine serum albumin, 0.1% Ficoll, 0.1% polyvinylpyrrolidone), 250 ug RNA/ml. Hybridization with 32P-labeled DNA was carried out at 42°C in the same solution, for 18 h. After hybridization the membranes were washed two times at the same temperature: for 1 h in 2 X SSC, 0.2% SDS and for 1 h 0.2% SSC, 0.2% SDS.
Results

Size Variation and Presence of Repeated Sequences
Intraspecific size variation in the mitochondrial genome was studied in a number of individuals from each of seven species of scallops. The actual number of individuals scored, the restriction enzymes used, and basic findings regarding mtDNA size range and presence of repeated sequences are presented in table 1. Here we give short descriptions of size variation for each species, most of which is displayed by a select sample of individuals whose profiles are shown in figures l-3.
Argopecten irradians
The restriction-enzyme-fragment profiles of the mtDNA of the A. irradians mtDNA cut with HpaI and BamHI/EcoRI (double digests) are shown in figure 1. Among the 24 individuals surveyed, no mtDNA size variation was observed for these enzymes or for SphI, AvaI, KpnI, and ApaI. From these digests the length of the mtDNA molecule was estimated at 16.2 kb. Restriction-site polymorphisms were detected with ApaI, EcoRI, and SphI.
Pecten maximus
The restriction profiles of five individuals-for two enzymes, HpaI and AvaIare shown in figure 2. The largest HpaI fragment differs in size among individuals, whereas the remaining five fragments are identical in size. As variation in length of the largest HpaI fragment (range 6.6-13 kb) neither affects the length of any other fragment nor is accompanied by the presence of additional fragments, this difference must represent variation in the total size of the mtDNA molecule. Thus, the P. maximus mtDNA size range is 19.9-26.3 kb. These size differences were confirmed by EcoRI, PvuII and BamHI/ClaI (double) digests.
The AvaI profiles of the same five individuals are shown in the second panel of figure 2 . The typical AvaI profile consists of seven fragments of which the 1.55-kb band varies in intensity and is stronger in animals with large size-variable HpaI fragments (for explanation, see legend to the fig. 2 ). The other six ASaI fragments add approximately to 16.8 kb and represent the size of the molecule excluding the array of the 1.55-kb repeats. For the mtDNA of animal 1, the length calculated from HpaI Thus, we have no direct evidence for the presence of repeated sequence in the mitochondrial genome of this species.
Chlamys hastata
Digests with HpaI and SmaI revealed extensive mtDNA size variation in 21 individuals surveyed, with the range of the estimated length of the genome being 23.9-27.2 kb. Figure 3C shows the SmaI-digested mtDNA profiles from five individuals. The profile consists of five invariable bands and a sixth whose size range is 7.2-10.4 kb. HpaI digests of the same animal's DNA (data not shown) produced patterns that, in regard to size variation among animals, total mtDNA size, and state of heteroplasmy, were consistent with the SmaI digests. The variation in both SmaI and &a1 variable fragments appears to occur in increments of -600 bp. However, we have not succeeded in finding an enzyme with a recognition site within the putative repeated sequence.
Chlamys islandica
This species has been the subject of a more extensive study both of mtDNA variation and of the species geographical distribution. One hundred nineteen animals from two distant populations in Atlantic Canada were studied using BamHI and EcoRI digests. The mtDNA size range in C. is localized in three distinct parts of the genome (fig. 4) . Each region contains a different type of size variation and appears to vary independently. Region 1 varies in size as a result of different copy number of a tandemly repeated 1.2-kb sequence, present in one to three copies per genome. Rare variants due to 150-600-bp deletions either within the array of repeats or in its flanking regions were also observed. Region 2 includes deletions of -loo-250 bp. Discrete size variation of a larger scale occurs in region 3, consisting of a single insertion of a 1.4-kb sequence. Under high-stringency conditions, the 1.4-kb insert did not hybridize to the 1.2-kb repeat from region 1.
Placopecten magellanicus
The mtDNA of the deep-sea scallop is one of the largest described in multicellular animals, and it also varies extensively among conspecific individuals (Snyder et al. 1987) , its size range being -3 1 .O-44.0 kb (Fuller 199 1) . Much of this variation is due to a varying copy number of a 1.45-kb repeat element whose sequence and secondary structure characteristics have been described by La Roche et al. (1990) . In addition to the discrete size variation produced by the repeated element, size polymorphism occurs at two other regions of the mtDNA molecule, as shown in figure 5 . In region 2, multiple insertions or deletions of -100 bp result in a continuum of size variation for which most individuals are heteroplasmic (Fuller 1991) . In region 3, the variation is less common and results from addition or deletion of 250-bp increments. As in the case of C. islandica, the three regions appear to vary independently.
Heteroplasmy
No size-or restriction-site-heteroplasmic individuals were observed among either the 24 A. irradians or 26 P. maximus individuals examined. This is not surprising for the first species, when one considers (a) that it does not contain size variation and (b) the small number of restriction enzymes used. Heteroplasmy for large-size classes, such as the ones occurring with high frequency in P. maximus, should be readily detectable. This was not observed, and thus we may conclude that in P. maximus size heteroplasmy must be low. Two clear cases of heteroplasmy were observed in C. hastata ( fig. 3C ). One animal contained three size classes in approximately equal amounts, each class differing from the other in increments of -600 bp. HpaI digests of A. opercularis mtDNA revealed no case of heteroplasmy. AvaI digests, however, produced in three individuals patterns that were consistent with the presence of a multiplicity of molecules whose size differed by ~100 bp. In these individuals the band corresponding to the size-variable fragment appeared as a localized smear whose width corresponds to -100 bp. This type of heteroplasmy could not be observed in the other restriction profiles, as the size-variable band was too large for its detection. A similar pattern was repeatedly observed in the deep-sea scallop, P. magellanicus, and was shown to be due to multiplicity of molecules of slightly different size classes (Fuller 1991) .
Chlamys islandica and P. magellanicus were studied more extensively, and both the nature and frequency of heteroplasmy in these species are better understood. Of 119 C. islandica (Gjetvaj 1989) , 18 were heteroplasmic. Individual animals were most frequently heteroplasmic for size variants in region 1 (fig. 4) . Several individuals were heteroplasmic for size variants either in region 2 or in region 3. Finally, one individual was homoplasmic for size but was heteroplasmic for a BamHI restriction site. Digests with EcoRI and HpaI failed to produce any indication of size differences between the two molecules of this individual, thus confirming that it represents a case of restriction- Size variation in region 1 of the molecule is due to a varying number of a 1.45-kb repeated sequence. In region 2, multiple insertions or deletions of -100 bp cause a continuum of size variation. In region 3, the variation is caused by 250-bp increments. The depicted molecule is 35.5 kb and contains four copies of the 1.45-kb repeated element. The underlined portions of the molecule contain whole or part of the 1.45-kb repeated sequence. The repeat copy number varies from two to eight, and the size range ofthe mitochondrial genome is 3 1 .O-4 1 .O kb. site heteroplasmy. In P. mugellanicus the frequency of heteroplasmy for the repeatedsequence array ( fig. 5, region 1) is lo%-20% but is very common for region 2 (Fuller 199 1) .
Lack of Cross-Hybridization between mtDNA Repeated Sequences from Different Scallop Species
Large (> 100 bp) repeated sequences appear to be present in the mitochondrial genomes of six of the seven scallop species that we have surveyed. To examine the possibility of DNA sequence similarity between these elements, we hybridized total mtDNA from all seven species to DNA fragments containing repeated sequences of P. magellanicus, C. islandica, C. gigantea, and P. maximus. mtDNAs from three species were not used as probes. A. irrudians possesses no repeated sequences of appreciable size, and we were not able to isolate the repeated sequences of C. hastatu and A. opercularis. The results of hybridization experiments are summarized in table 2. Figure 6 shows results from hybridizations using the repeated sequences of P. mu- gellanicus and C. islandica. The pattern of hybridization of the P. magellanicus repeated element to P. magellanicus mtDNA has been discussed in detail by La Roche et al. (1990) . No hybridization was observed between this element and any part of the mtDNA molecules of the other six scallop species. A similar pattern was observed with the C. islandica repeated sequence. Of the C. islandica mtDNA fragments that hybridized to this probe, three correspond to the sequence itself and to regions flanking the repeat array. No hybridization to any other mitochondrial genome occurred (the weak hybridization to an apparent high-molecular-weight band, seen in fig. 6C , is due to reaction with undigested DNA). The l.O-kb fragment containing the C. gigantea repeated sequence showed no hybridization to any portion of mtDNA from any of the other six species (data not shown).
Hybridizations using the l-55-kb repeated sequence of P. maximus as a probe provided results that are not readily explainable. This probe hybridized, with a varying degree of intensity, to several mtDNA fragments from all of the other six species (data not shown). One possibility is that the P. maximus repeat contains a region coding for a conserved gene that cross-hybridizes with mtDNA fragments from other species. With one exception, these fragments do not correspond to the size-variable bands containing the putative (or, in the case of P. magellanicus, documented) repeated sequences of the examined species. For C. hastata, the P. maximus probe did hybridize to the size-variable HpaI band (see fig. 3C ), which is also the largest fragment (N 10 kb). It is not clear in this case whether the probe hybridized to the putative repeated sequence of C. hastata or to some other sequence contained in the same fragment.
Discussion mtDNA Size and Size Variation in Different Scallop Species
The present paper presents results of an analysis of both mtDNA size variation and presence of repeated sequences in seven species of scallops (table 1) . For one species, Placopecten magellanicus, it is known from previous studies (Snyder et al. 1987; La Roche et al. 1990 ) that the mtDNA size varies widely among individuals, from approximately 3 1 kb to 4 1 kb, and that this variation is mainly caused by a 1.45-kb repeated sequence. The mtDNA size pattern in one of the species examined in the present study, Argopecten irradians, is completely different from that of P. magellanicus: Its size is 16.2 kb (at the lower end for the typical animal mtDNA) and mtDNA Size Variation in Scallops 119 produce unique mtDNA RFLP profiles for the majority of individuals. Avise et al. (1989) reported similar diversity indices for chuckwala lizards and menhaden fish and also noted that most of the mtDNA diversity in these species resulted from intraspecific mtDNA length variation. The use of those "mitochondrial fingerprints" for the study of maternal lineages in natural or laboratory populations would depend critically on the forces that generate and maintain mtDNA size diversity. If the mutation rate for size variation is high, as implied in the models of Rand and Harrison (1989) and Buroker et al. (1990) or as observed in the nematode Romanomermis culicivorax by Hyman and Slater (1990) , size-dependent mtDNA fingerprints will only have a limited value, Most of the intraspecific size polymorphism in scallop mtDNA is caused by varying numbers of repeated sequences, but minor size differences caused by various insertions and/or deletions were also observed. For two species, P. magellanicus and C. islandica, that have been studied in more detail, the positions of these size variants have been mapped (figs. 4 and 5). The larger-than-usual size of the scallop mtDNA molecule cannot be accounted for solely (a) by the presence of repeated sequences in one or more sites of the molecule or (b) by the presence of duplications. In P. magellanicus, subtracting the combined length of two repeat elements from 3 1 kb (the smallest number of copies and the smallest molecule size observed in this species) and considering the A. irradians size of 16.2 kb as a necessary minimum length for the scallop mtDNA molecule leaves a "residual" length of 13 kb. The same calculation applied to the other three species for which the presence of repeated sequences has been demonstrated (table 1) produces zero residual for P. maximus, 3.6 kb for C. gigantea, and 4.8 kb for C. islandica. Boyce et al. (1989) obtained similar results in bark weevils of the genus Pissodes. Within the same family (Curculionidae), three genera have quite different mtDNA sizes, ranging from 18.2 kb for Anthonomus to 26.5 kb for Hylobius to >30 kb for Pissodes. In the latter genus the mtDNA molecule size range is 30-36 kb as a result of varying copy number of a tandemly repeated sequence, itself having a length range of 0.8-2 kb. This variation is superimposed on a molecule that contains a 9-13-kb "added sequence" which is A + T rich and, most likely, devoid of structural genes. Such large added sequences were not reported-and apparently are missing-in other species (such as lizards [Moritz and Brown 19871, crickets [Rand and Harrison 19891 , and fruit flies [Solignac et al. 19861) known to carry repeated sequences. x mtDNA size heteroplasmy was observed in C. gigantea (16.7%; 2/ 12 individuals), C. hastata (9.5%; 2/21 individuals), and C. islandica (14.4%; 17/l 18 individuals). These frequencies are approximately the same as in P. magellanicus, for the array of repeated sequences ( fig. 5, region 1) . In this species a much higher level of heteroplasmy occurs in another size-variable region ( fig. 5, region 2) , where multiple IOO-bp insertions or deletions generate a large class of size variants (Fuller 199 1) . A similar type of size variation and heteroplasmy due to repeated sequences of a small length was noticed in A. opercularis (9.7%; 313 1 individual). Such size heterogeneity has been previously reported for the frog Rana esculenta (Monnerot et al. 1984) , Cnemidophorus lizards (Densmore et al. 1985) , the rabbit Oryctolagus cuniculus (Ennafaa et al. 1987) , redfooted and brown boobies, and the white perch (J. Avise, personal communication) . However, our results suggest that heteroplasmy for repeated sequences of large (>500 bp) size is not as common in scallops as it appears to be in bark weevils (Boyce et al. 1989) , where almost all individuals are heteroplasmic. Heteroplasmy for large repeated sequences also appears to be the exception, rather than the rule, in the other species I20 Gjetvaj et al. in which such sequences are known to occur (Solignac et al. 1983; Monnerot et al. 1984; Bermingham et al. 1986; Wallis 1987; Bentzen et al. 1988; Hyman et al. 1988 ).
The Origin of Repeated Sequences and Enlarged Mitochondrial Genomes
The family Pectinidae originated in the Triassic -200 Mya, but the major radiation of the present-day genera occurred in the mid-to-late Tertiary, 65-25 Mya (Hertlein 1969; Waller 199 1) . Among the surveyed scallops, the genus Aequipecten has the oldest known fossil specimens, whereas the genera Placopecten and Argopecten have the most recent, having emerged -25 Mya. The oldest separation occurred in the Cretaceous (>65 Mya), when the lineage leading to Pecten and Placopecten splits from the line leading to the other five species. The subsequent splitting of the Pecten and Placopecten lines occurred in the Paleocene (-50 Mya). The line leading to Chlamys and the line leading to both Aequipecten and Argopecten separated also in the Paleocene. After the two Chlamys species, the closest taxa among those examined here are the genus pairs AuquipectenfArgopecten and ChlamysjCrassadoma (Waller, accepted) . There is no correspondence between this phylogeny and the size characteristics-e.g., size, size variation, or presence/absence of repeated sequences-of the mitochondrial genomes. This suggests a relatively high rate of mtDNA size evolution in this group of organisms, caused by gross errors during replication Buroker et al. 1990; Hyman and Slater 1990) .
The cross-hybridization results presented in table 2 exclude the possibility of extensive sequence similarity among repeated sequences from different scallop species. The hybridization patterns obtained when the repeat-containing fragment from P. maximus is used as a probe are difficult to explain but are consistent with the results from the other hybridizations, in showing no sequence similarity between this species' repeat and the mtDNA fragments that carry repeated sequences of the other scallop species. The conditions of hybridization experiments were such that they would have allowed the detection of sequence similarity as low as 50%. Such a similarity appears to be absent not only between species assigned to different genera but also between the two congeneric Chlamys species.
The lack of cross-hybridization reaction can be explained by assuming either that these sequences have substantially diverged from a common ancestral sequence or that they have independent origins. Sharing of the same mtDNA repeated sequence is known in three groups of species, all of which represent much more recent separations than do the scallop species examined here. These groups include the two hybridizing species of Gryllus crickets (Rand and Harrison 1989) , the closely related species of bark weevils (Boyce et al. 1989) , and the melanogaster-species subgroup of Drosophila (Solignac et al. 1986 ). The age of the last group is estimated at 2-6 My (Lemenieur et al. 1986) . Allozyme comparisons of these species revealed many overlaping polymorphisms and monomorphisms for identical allozymes (e.g., see Eisses et al. 1979) . In contrast, an allozyme comparison of several scallop species from the west coast of Europe (Beaumont 199 1) revealed large genetic distances and suggested that species previously assigned to the genus Chlamys differ at the genus rather than at the species level, an observation consistent with our negative hybridization results.
The hypothesis that an ancestral repeated sequence has predated the emergence of the examined taxa requires that it must have originated >25 Mya, which probably was enough time for it to have undergone extensive differentiation. Yet, this explanation also requires both a complete loss of the repeated sequence and the subsequent conmtDNA Size Variation in Scallops 12 1 traction of the length of the molecule in one descendant species, A. it-radians. This species has a metazoan mtDNA molecule that is typical in regard to both size and size variation, characteristics shared by other distantly related bivalves, such as the blue mussel, Mytilus edulis (Edwards and Skibinski 1987) . This observation argues against the hypothesis of a common ancestral sequence and suggests that the repeated sequences appeared after the emergence of each particular genus.
Selection for mtDNA Size
The conservatism in gene arrangement, length, and length variation observed in earlier studies of animal mtDNA has led to the notion that this molecule has been, over the course of evolution, under strong selection for small size and invariable struo ture (Attardi 1985) . The subsequent discovery of large molecules and of large-scale mtDNA size polymorphism in several invertebrate and poikilotherm vertebrate species is evidence that, at least for these categories of animals, functional or structural constraints do not keep the mtDNA molecule within a narrowly varying size of ~20 kb. If such constraints are responsible for the typical 16.2-kb long and size-invariable mtDNA of A. irradians, then it is hard to see how they were compromised in P. magellanicus and the other scallop species examined here. A similar argument has been made for the various genera of pine weevils (Boyce et al. 1989) .
One common feature of all enlarged (i.e., >20 kb) animal mtDNA molecules is the presence of repeated sequences. This suggests that the appearance of such sequences (by means which at present remain largely unknown) opens the possibility for the expansion of the molecule through mechanisms relating to DNA replication or recombination. An equilibrium distribution of size classes may be maintained in a population by the opposing effects of (a) molecular mechanisms leading to the appearance of molecules with an increased number of repeats and (b) the faster propagation of the smaller molecules in the resulting heteroplasmic individuals (Rand and Harrison 1989) . Selection for small molecule size may normally be weak and become progressively stronger as the molecule expands through molecular mechanisms mediated by the presence of repeated sequences. In heteroplasmic individuals weak selection for size classes differing by one or two repeats will allow for the stochastic fixation of both classes in the progeny, thus accounting for the maintenance of length polymorphism even when the "standing" heteroplasmy is low, as is the case in scallops. This is consistent with both (1) the observation that the most common size classes differ by only one or two repeats (Rand and Harrison 1989; Fuller 1991) and (2) an upper limit to the molecule expansion, a limit that appears to exist in all known animal species that have size-variable mitochondrial genomes.
